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Abstract: This study aimed to develop a gene expression targeting method specific for the imaging and therapy of 
non-small cell lung cancer A549 cells using an adenovirus vector containing the human sodium iodide symporter 
(NIS) gene driven by the survivin promoter. The recombinant adenovirus which contains the NIS gene and is driven 
by the survivin promoter, was name Ad-Sur-NIS, and transfected into A549 lung cancer cells and human normal den-
tal pulp fibroblast DPF cells. NIS gene expression was evaluated using 125I uptake and efflux assays. Additionally, the 
adenovirus was intratumorally injected into tumor-bearing mice for in vivo transfection; biodistribution studies and 
scintigraphic imaging were then performed. In vitro, the A549 cells exhibited perchlorate-sensitive iodide uptake 
following transfection with the Ad-Sur-NIS adenovirus that was 54-fold greater than that of the cells transfected with 
the Ad-Sur-GFP negative control. However, no significant iodide uptake was observed in the normal human DPF cells 
following adenovirus transfection. The clonogenic assays demonstrated that the Ad-Sur-NIS-transfected A549 cells 
were selectively killed by exposure to 131I. In vivo, the Ad-Sur-NIS-transfected tumors also exhibited significant radio-
iodine accumulation (16.96±2.99% ID/g at 2 h post-injection) with an effective half-life of 7.72±0.61 h. Moreover, 
the combination of Ad-Sur-NIS transfection and 131I radionuclide therapy suppressed tumor growth and prolonged 
survival. These results indicate that the expression of NIS under the control of the survivin promoter may be used to 
achieve cancer-specific expression of NIS in A549 lung cancer cells, which may be a possible strategy for targeted 
cancer gene therapy.
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Introduction

Lung cancer is the leading cause of cancer 
death among males worldwide and has sur-
passed breast cancer as the leading cause of 
cancer death among females in more devel-
oped countries [1]. Currently, patients with lung 
cancer are treated with various therapeutic 
options, such as surgery, chemotherapy, radia-
tion therapy, or a combined modality approach 
[2]. However, the prognoses of patients suffer-
ing advanced lung cancer are still poor [3]. 
Consequently, the development of novel thera-
peutic strategies is indispensable.

The sodium iodide symporter (NIS) is an intrin-
sic membrane glycoprotein that takes up iodide 
into the cytosol from the extracellular fluid [4, 
5]. Due to its expression in differentiated thy-

roid cancer cells, NIS is the molecular basis for 
the diagnostic and therapeutic application of 
radioiodine, which has been successfully used 
in clinics for more than half a century [6]. In the 
last two decades, the understanding of the NIS 
has advanced rapidly, and NIS gene transfer 
makes it possible to image, monitor and treat 
tumors with appropriate radionuclides. The 
capacity of the NIS gene to induce radioiodine 
accumulation in non-thyroidal tumors has been 
investigated in a variety of tumor models by 
several groups including our own [6-11]. These 
data clearly demonstrate the potential of the 
NIS as a novel reporter and therapy gene for the 
imaging and treatment of non-thyroidal tumors.

In terms of ensuring tumor-specific radiation 
exposure, the application of tumor-specific pro-
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University and cultured as described previously 
[8]. Both cell lines were maintained at 37°C in a 
humidified atmosphere containing 5% CO2.

Construction of the adenovirus and cell trans-
fection

The replication-selective adenovirus Ad-Sur-
NIS (1×109 PFU) carrying the NIS complemen-
tary DNA under the control of the survivin pro-
moter and the replication-deficient adenovirus 
Ad-Sur-GFP (negative control) (1×109 PFU) car-
rying the GFP gene linked to the survivin pro-
moter were developed as described previously 
[8]. For the in vitro transfection experiments, 
the A549 and DPF cells (1×106 cells per well in 
6-well plates) were washed and incubated with 
100 multiplicity of infection (MOI) per well of 
Ad-Sur-NIS or Ad-Sur-GFP for 2 h at 37°C and 
5% CO2. The media were replaced with fresh 
culture media, and virus-infected cells were fur-
ther maintained for different times (24 h, 48 h 
or 72 h).

Analysis of the survivin promoter activity in 
vitro

To determine the transcriptional activation 
activity of the survivin promoter, we utilized the 
Dual-Luciferase Reporter Assay System (Pro- 
mega, USA). The dual luciferase ratio was de- 
fined as previously described [8]. The pSV40-
LUC vector (Promega, USA) containing the 
Simian Virus 40 (SV40) promoter was used as a 
positive control.

In vitro radioiodine uptake experiments

The cells were washed once with 1 ml of phos-
phate-buffered saline (PBS), and iodide uptake 
was then initiated by the addition of 1 ml of 
medium without serum containing 3.7 kBq of 
125I per well. To evaluate the time course of the 
iodide uptake, cells were incubated for 5, 10, 
15, 20, 30, 60 and 90 min in the 125I solution 
and then washed twice with ice-cold PBS and 
incubated for 20 min in 1 ml of ice-cold etha-
nol. The ethanol was then recovered, and the 
radioactivity was quantified (c.p.m.) using a 
gamma counter (No. 262 Factory, Xi’an, China). 
For the inhibition experiments, the cells were 
incubated with both 300 μM KClO4 and 125I for 
30 min followed by the quantification of 125I 
uptake as described above.

moters offers the ability to induce NIS-selective 
expression in tumor cells. Several tumor-specif-
ic promoters are available for the targeting of 
individual cancers, such as the alpha fetopro-
tein (AFP) promoter for hepatocellular cancer 
[6, 7, 9], the prostate-specific antigen (PSA) pro-
moter for prostate cancer [10], and the early 
growth response (EGR)-1 promoter for cervical 
cancer [11]. Although previous studies of pro-
moters indicate that they are promising for car-
cinomas, specific promoters are required for 
specific tumors. Therefore, the identification of 
a more general tumor-related promoter for the 
regulation of NIS expression could be useful for 
expanding this strategy to the treatment of a 
wide variety of tumors. 

Survivin, which is a member the apoptosis gene 
inhibitor family, has been reported to be 
expressed at high levels in cancerous tissues 
and absent in normal tissues [12, 13]. Clinical 
studies have indicated positive correlations 
between high survivin expression levels and 
advanced presentation, poor prognosis and 
increased resistance to therapy in cancer 
patients [14, 15]. Our previous work also con-
vincingly demonstrated the proof of principle of 
the NIS gene under control of the survivin pro-
moter in prostate tumors [8].

In this study, the survivin promoter was used to 
target NIS expression and induce radionuclide 
accumulation in non-small cell lung cancer 
A549 cells, and cell experiments, animal bio-
distribution, scintigraphic and therapeutic ex- 
periments were subsequently performed. The 
evaluation of the tumor-specific adenovirus effi-
cacy was followed by the assessment of the 
NIS-mediated therapy response following the 
application of an additional therapeutic dose of 
131I.

Materials and methods

Cell culture

The human lung cancer cell line A549 was pur-
chased from the American Type Culture 
Collection (ATCC, Rockville, MD, USA) and cul-
tured in DMEM medium supplemented with 
10% calf serum (Gibco, Carlsbad, CA, USA), 
100 IU/ml penicillin, and 100 ng/ml streptomy-
cin. The human normal dental pulp fibroblast 
(DPF) cell line was provided by Dr. Peng Li of the 
West China College of Stomatology, Sichuan 
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began when tumors reached diameters of 8-10 
mm. The Ad-Sur-NIS virus or the Ad-Sur-GFP 
virus (negative control) was injected into the 
tumors (1×109 PFU for each mouse). Two days 
later, radionuclide uptake was assessed via  
the intravenous injection of 370 kBq of 125I. At 
1, 2, 4, 8, and 24 h post-injection, the animals 
were sacrificed, and selected organs and tis-
sues (i.e., the bone, muscle, heart, lung, liver, 
spleen, stomach, intestine, kidney, brain, and 
tumor) were dissected, weighed, and quantified 
for radioactivity. The results were expressed as 
the percentage of the injected dose per gram of 
tissue.

In vivo scintigraphic imaging of the tumor-
bearing mice

Forty-eight hours after intratumoral injection of 
the adenovirus, the A549 tumor-bearing mice 
were injected with 18.5 MBq of 99mTc via the tail 
vein. After 2 h, the animals were anesthetized 
with 2% isoflurane. The images were acquired 
using a Gamma SPECT system (Philips Medical 
Systems, Milpitas, CA). The SPECT scans were 
performed with a low-energy, high-resolution 
pinhole collimator with a field view of 12.5 cm 
and a reported resolution of 1 to 2 mm. Vertex 
views with at least 100,000 total counts per 
image were collected. The image acquisition 
times ranged from 2 to 3 min.

Immunohistochemical analysis of NIS protein 
expression

To detect the NIS expression, resected tumors 
from nude mice were fixed in 4% paraformalde-
hyde for 24 h. The samples were immunos-
tained using a standard streptavidin-biotin 
labeling protocol as described previously [8].

In vivo 131I therapy study

Animals with xenograft A549 tumors were 
injected with different adenoviruses followed 
by 131I to evaluate the therapeutic effects. The 
experiments began when the tumors reached a 
size of 4-5 mm. After a 10-day pretreatment 
with thyroxine (Sigma-Aldrich, St Louis., MO; 5 
mg/l) in their drinking water to reduce the 
radioiodide uptake by the thyroid gland, the  
animals were divided into the following four 
groups (n = 5): group one received a single 
intratumoral injection of 1×109 PFU of Ad-Sur-
GFP; group two received 1×109 PFU of Ad-Sur-
GFP and 111 MBq of 131I 2 days later; group 

In vitro radioiodine efflux assay

A549 and DPF cells (1×106 cells per well) were 
seeded into 6-well plates, and incubated with 
Ad-Sur-NIS virus at MOI = 100 per well at 37°C 
and 5% CO2 for 2 h. The medium was replaced 
with fresh culture medium, and the virus-infect-
ed cells were further maintained for 48 h. The 
cells were washed once with PBS, incubated in 
1 ml of medium without serum containing 3.7 
kBq of 125I for 30 min, and washed twice with 
ice-cold PBS. Medium without serum (1 ml) was 
then added to each well and was replaced 
every 5 min for 30 min. The radioactivity in the 
medium was then quantified. After the removal 
of the final medium (at 30 min), the cells were 
solubilized for counting along with the previ-
ously collected medium samples. The total 
radioactivity at the initiation in the efflux study 
(100%) was calculated by adding the radioactiv-
ity of the final cells to the sum of the radioactiv-
ity of each medium [16].

Clonogenic assay

The clonogenic assay was performed by evalu-
ating the cytotoxic effect of 131I on the adenovi-
rus-transfected cells. Briefly, the A549 and DPF 
cells transfected with Ad-Sur-NIS or Ad-Sur-GFP 
were seeded in 24-well tissue culture plates. 
Cells were incubated with 370 kBq of 131I in 1 
ml of RPMI-1640 medium with 0.5% fetal 
bovine serum. After 7 h incubation, cells were 
washed twice with PBS, trypsinized, and count-
ed. Then, cells were plated in triplicate in six-
well tissue culture plates (1000 cells per well) 
and incubated for 1 week at 37°C. Cells were 
then washed once with PBS and stained with 
crystal violet solution (2 g/l crystal violet, 4% 
formaldehyde, 20% ethanol). Colonies of >30 
cells were counted, and the mean and s.d. of 
the number of colonies were determined. 
Results were expressed as the percentage of 
surviving cells, defined as the percentage of 
colonies obtained after treatment with 131I.

Biodistribution of 125I in the tumor-bearing 
mice

All of the protocols used in this report were 
approved by the Sichuan University Institutional 
Animal Care and Use Committee. A549 xeno-
grafts were established in 6-week-old Balb/c 
nude mice via the subcutaneous injection of 
1×107 A549 cells into the flank region. The 
nude mice weighed 18-20 g. The experiments 
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Results

The activation of the survivin promoter in vitro

To assess the transcriptional activations of the 
survivin promoter and the SV40 promoter, we 
transfected both cancer (A549) and normal 
(DPF) cells with plasmids containing the lucifer-
ase gene under the control of either the sur-
vivin promoter (pSur-Luc) or the SV40 promoter 
(pSV40-Luc). The expression of green fluores-
cent protein was greater in the A549 cells than 
in the DPF cells (Figure 1A, 1B). The activities 
of survivin promoter were generally high in the 
A549 cells while low in DPF cells (7.36±0.73 vs. 
0.34±0.09, P < 0.05) (Figure 1C). However, the 
activities of the SV40 promoters were similar in 
the A549 cells and DPF cells (2.25±0.12 vs. 
2.26±0.18, P>0.05) (Figure 1C). These data 
suggested that the survivin promoter was 

three received 1×109 PFU of Ad-Sur-NIS only; 
and group four received both Ad-Sur-NIS and 
131I. The lengths and widths of the tumors were 
measured with a caliper at 5-day intervals fol-
lowing treatment. The tumor volumes were esti-
mated using the following equation: 1/2× 
length × width2 [8]. All mice were investigated 
over a total of 60 days and then euthanized.

Statistical analysis

All experiments were performed in triplicate. 
The SPSS version 17.0 software (SPSS Inc., 
Chicago, IL, USA) was applied for statistical 
analysis. The results were expressed as the 
mean ± standard deviation (SD). Differences 
between groups were analyzed by t-tests. The 
statistical significance of the survival curves 
was tested using the log-rank test. P < 0.05 
was considered to be statistically significant.

Figure 1. In vitro analyses of 
transgene expression of the 
surviving promoters. A, B: The 
expression of green fluores-
cent protein was more in A549 
cells than in DPF cells. C: The 
survivin promoter activity was 
generally very high in A549 cells 
and very low in DPF cells (P < 
0.05). However, the activity of 
the SV40 promoter was similar 
in both A549 cells and DPF cells 
(P>0.05).
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various time points after Ad-Sur-NIS infection 
(Figure 2A). The maximum iodide uptake activ-
ity was observed 48 hours following infection, 
at which point the A549 cells exhibited a 
54-fold increase in perchlorate-sensitive 125I 
accumulation compared with the A549 cells 
infected with the control virus (Ad-Sur-GFP) (P < 
0.001) (Figure 2A). This uptake was inhibited 
by potassium perchlorate (Figure 2A), which is 
a potent inhibitor of active iodide transport, 

selectively active in the A549 cancer cells rela-
tive to the normal DPF cells.

Iodide influx and efflux studies in vitro

The transduction conditions for Ad-Sur-NIS 
were optimized in A549 tumor cells via the 
measurement of the perchlorate-sensitive 
iodide uptake activity. The perchlorate-sensi-
tive iodide uptake activity was measured at 

Figure 2. In vitro experiments. A, B: A549 cells were infected with 100 MOI Ad-Sur-NIS or Ad-Sur-GFP, and 125I uptake 
was measured on hours 24, 48 and 72. Maximum iodide uptake was observed 48 hours following infection with Ad-
Sur-NIS, when cells showed an 1.7-fold increase in uptake activity as compared with 24 hours after infection. A549 
cells infected with Ad-Sur-NIS showed a 54-fold increase in perchlorate-sensitive 125I accumulation. In contrast, no 
iodide uptake above background level was observed in A549 cells infected with Ad-Sur-GFP or in non-malignant 
cells (DPF) infected with Ad-Sur-NIS. Radioiodide uptake was rapidly increased, and maximized within 30 min in 
A549 infected with Ad-Sur-NIS. C: The effluxes of 125I from A549 cells were rapid, with activity half lives (T1/2) of 10 
min. D: For evaluation of the therapeutic effect of 131I in vitro, A549 cells infected with Ad-Sur-NIS were exposed to 
370 kBq 131I. While 90% of A549 cells infected with Ad-Sur-GFP or DPF cells infected with the adenovirus only sur-
vived, up to 90% of Ad-Sur-NIS-infected A549 cells were killed by radioiodine.
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iodide uptake activity at 2 h compared with  
the tumors infected with Ad-Sur-GFP. These 
data indicate that the infection of tumors with 
the Ad-Sur-NIS virus led to the selective uptake 
of 125I in vivo.

99mTc scintigraphy in vivo

Because NIS mediates 99mTc uptake in specific 
tissues, scintigraphy was performed on the 
tumor-bearing mice to evaluate the adenovirus 
transfections in vivo via 99mTc imaging (Figure 
3A, 3B). Although no specific pertechnetate 
accumulation was detected in the A549 tumors 
after infection with Ad-Sur-GFP (Figure 3B), the 
Ad-Sur-NIS-infected A549 tumors exhibited a 
significant uptake of 99mTc (Figure 3A). In addi-
tion to tumor uptake, significant pertechnetate 
accumulation was observed in the tissues that 
physiologically express NIS, including the stom-
ach and thyroid, and in the tissues involved in 
pertechnetate elimination (bladder).

Immunohistochemical analysis of NIS expres-
sion in the A549 xenografts

For the in vivo experiments, expressions of  
the NIS protein in the tumors were character-
ized by immunohistochemical staining. The tu- 
mors injected with adenovirus were specifically 
labeled with anti-NIS antibodies. The analysis 
revealed a staining pattern that involved areas 
of NIS-specific immunoreactivity in the tumors 
following the intratumoral application of Ad-Sur-
NIS (Figure 3C). In contrast, the tumors infect-
ed with Ad-Sur-GFP (control) exhibited no NIS-
specific immunoreactivity (Figure 3D).

confirming that iodide uptake was essentially 
dependent on NIS expression. Iodide uptake 
increased within 30 min due to the incubation 
of the Ad-Sur-NIS-infected A549 cells at differ-
ent times with 3.7 kBq of 125I (Figure 2B). The 
tumor specificity of Ad-Sur-NIS was confirmed 
via the infection of non-malignant control (DPF) 
cells that did not express survivin and exhibited 
a lack of iodide uptake activity (Figure 2B). In 
the radioiodine efflux study, 50.73±1.84% of 
the total radioiodine that accumulated in cells 
was washed out within the first 10 min, which 
corresponded to a 125I half-life within the cells 
of approximately 10 min (Figure 2C).

In vitro clonogenic assay

To evaluate the therapeutic potential of 131I in 
lung cancer cells (A549) using Ad-Sur-NIS in- 
fection in vitro, a clonogenic assay was per-
formed with 370 kBq of 131I (Figure 2D). Fo- 
llowing exposure to 131I, only 8.7±2.5% of the 
A549 cells infected with Ad-Sur-NIS survived, 
and 90.9±3.2% of the A549 cells infected with 
Ad-Sur-GFP survived (P < 0.001). No significant 
cell death was observed in either the Ad-Sur-
NIS or Ad-Sur-GFP infected DPF cells treated 
with 131I; specifically, 91.8±3.8% and 90.2± 
3.4% of the cells were recovered, respectively. 
These results demonstrated that the coupling 
Ad-Sur-NIS infection and 131I treatment effi-
ciently and specifically led to cancer cell death 
in vitro.

125I biodistribution studies in the tumor-bearing 
mice

Complete data on the 125I biodistributions are 
provided in Table 1. In the Ad-Sur-NIS-tran- 

Table 1. Biodistribution of 125I in mice with Ad-Sur-NIS injected A549 
xenografts (% ID/g tissue; mean and SD after intravenous injection)
Organ 1 h 2 h 4 h 8 h 24 h
Stomach 18.58±3.61 15.31±3.37 11.19±1.06 6.41±1.18 0.98±0.20
Tumor 12.06±2.31 16.96±2.99 14.63±3.41 7.92±2.35 1.37±0.51
Heart 4.47±0.74 3.63±1.13 2.81±1.25 1.65±1.06 0.32±0.15
Liver 2.60±0.50 2.15±0.48 0.78±0.21 0.77±0.13 0.17±0.07
Spleen 2.57±0.38 2.09±0.23 1.31±0.42 1.29±0.55 0.10±0.02
Lung 3.45±0.80 2.92±0.62 2.11±0.20 1.04±0.20 0.16±0.09
Kidney 4.38±1.05 3.85±0.90 2.09±0.67 1.45±0.53 0.16±0.04
Bone 1.32±0.41 1.07±0.24 0.85±0.18 0.40±0.12 0.10±0.07
Intestine 2.42±0.50 1.97±0.52 1.31±0.49 0.67±0.25 0.13±0.05
Muscle 0.91±0.18 0.70±0.11 0.54±0.09 0.30±0.07 0.09±0.02
Brain 0.23±0.04 0.14±0.04 0.16±0.02 0.07±0.02 0.05±0.01

sfected A549 tumors, the 
maximum activity levels per 
gram of tissue were 16.96± 
2.99% ID/g, were reached 
at 2 h, and exhibited mean 
effective half-life of 7.72± 
0.61 h. The negative control 
tumors infected with Ad-Sur-
GFP accumulated 0.96± 
0.21% ID/g at 1 h, 0.73± 
0.14% ID/g at 2 h, 0.52± 
0.08% ID/g at 4 h, 0.34± 
0.06% ID/g at 8 h, and 
0.09±0.02% ID/g at 24 h. 
The tumors infected with 
Ad-Sur-NIS exhibited as mu- 
ch as a 33-fold increase in 



Sodium iodide symporter and survivin promoter

5436 Int J Clin Exp Pathol 2017;10(5):5430-5440

therapy, have been demonstrated in many 
studies. Non-invasive imaging of NIS gene 
transfer in non-thyroidal tumors with gamma 
cameras, positron emission tomography and 
cerenkov luminescence imaging have been 
demonstrated to be safe and efficient [9, 
16-20]. NIS also mediates the cellular accumu-
lation of radionuclides, such as 131I, 186Re, 188Re 
and 211At, which are used for tumor therapy 
[21-26]. 

The use of the promoter-specific driving of NIS 
in target tissues has been adopted in cancer 
gene therapy in animal experimental models 
[6-11]. Many tumor-specific promoters have 
exhibited the capacity feasible and safely medi-
ate NIS gene therapy. In our previous studies, 
we reported hepatoma-specific NIS expression 
via the application of the AFP promoter [7]. In 
contrast to single cancer-specific targeting pro-
moters, the survivin promoter is multicancer-
specific and thus has the potential to extend 
the scope of gene-based therapy [12, 13]. An 
adenovirus vector carrying the NIS gene under 

NIS transfection improved the radionuclide 
therapy effect in vivo

The tumors in the animals that received both 
Ad-Sur-GFP and 111 MBq 131I, those that 
received only the Ad-Sur-GFP virus, and those 
that received only the Ad-Sur-NIS virus contin-
ued to grow until the end of the experiment, 
which demonstrated the lack of a therapeutic 
effect (Figure 4A, 4B). Radionuclide therapy in 
the mice that were injected with Ad-Sur-NIS and 
111 MBq 131I elicited a strongly enhanced ther-
apeutic effect as demonstrated by significantly 
delayed tumor growth and extensively pro-
longed survival (P < 0.001) (Figure 4A, 4B). 
These results suggest that the expression of 
NIS in combination with treatment with a thera-
peutic dose of 131I may prove to be a successful 
strategy for reducing tumor growth in vivo.

Discussion 

The applications of NIS as a reporter and sui-
cide gene for molecular imaging and targeted 

Figure 3. The 99mTc scintigraphic images and immunohistochemical staining. A, B: Mice harboring A549 xenograft 
tumors infected with either Ad-Sur-NIS or Ad-Sur-GFP were imaged with a pinhole collimator 2 h after injection of 
18.5 MBq 99mTc. The Ad-Sur-NIS-infected tumor was clearly visible, with an intensity comparable to that of the thyroid 
or the bladder. The Ad-Sur-GFP infected tumor was not visible using 99mTc imaging. C: Immunohistochemical staining 
of A549 tumors infected with Ad-Sur-NIS showed NIS-specific immunoreactivity (×200). D: In contrast, A549 tumors 
infected with Ad-Sur-GFP did not reveal NIS-specific immunoreactivity (×200). 



Sodium iodide symporter and survivin promoter

5437 Int J Clin Exp Pathol 2017;10(5):5430-5440

exemplifies our efforts toward the application 
of Ad-Sur-NIS to lung cancer, which has a rela-
tively high incidence and mortality among East 
Asians [27]. Therefore, the survivin promoter 
was used to induce NIS expression and radio-
nuclide accumulation in A549 lung cancer cells 
in the present study.

control of the survivin promoter was able to 
induce tumor-specific functional NIS expres-
sion in survivin-positive PC3 prostate cancer 
cells at a level that was sufficiently high to allow 
for cytoreductive responses of 131I accumula-
tion both in vitro and in vivo following local 
application [8]. This successful experience 

Figure 4. Therapeutic effects of Ad-Sur-NIS infection in combination with 131I treatment in A549 xenografts. A, B: 
Radioiodine therapy studies showed excessive tumor growth of control groups treated with Ad-Sur-GFP and 111 
MBq 131I, or only Ad-Sur-GFP, or only Ad-Sur-NIS, no therapeutic effect was observed. Intratumoral injection of Ad-
Sur-NIS followed by additional application of 111 MBq 131I resulted in strongly enhanced therapeutic effect, as seen 
by significantly delayed tumor growth and prolonged survival (P < 0.001).
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[6]. Additional cell killing may have occurred 
due to radiological crossfire; i.e., 131I decay pro-
duces β-particles that damage cellular proteins 
and nucleic acids [28, 29]. 

The treatment efficacy of the radiotherapy is 
strictly dependent on the biological half-life of 
the radionuclide in the tumors [30]. The main 
problem concerns the short retention time of 
radioiodine in tumor cells [31]. In our radioio-
dine efflux assay, only 5.33±1.03% of radionu-
clide activity remained at 30 min, and in our 
biodistribution study, the percentage 125I up- 
take by the Ad-Sur-NIS-infected A549 tumors 
fell from 16.96±2.99% ID/g at 2 h post-injec-
tion to 1.37±0.51% ID/g at 24 h. For molecular 
imaging purposes, this is not a substantial 
issue because optimal imaging times can be 
determined, but in terms of radionuclide thera-
py, fast washout remains a major problem [32]. 
Strategies to improve therapeutic response, 
such as prolonging the retention time and 
restoring/up-regulating NIS expression [26], 
are under investigation. In our previous work, 
thyroid-specific transcription factor (TTF)-1 and 
Pax-8 gene transcriptions were able to induce 
iodide uptake and specifically prolong the 
iodide retention time by promoting the expres-
sions of thyroperoxidase (TPO) and thyroglobu-
lin (Tg) proteins in cancer cells [33, 34]. Retinoic 
acid, dexamethasone and 5-azacytidine can 
increase radioiodine uptake via the up-regula-
tion of NIS expression [35-37].

It is worth nothing that stomach indicated 131I, 
uptake as high as tumor at 1 h in our biodistri-
bution, which may be caused by the relative 
high expression of NIS in this organ. Endogenous 
NIS in stomach induces transient radioactive 
iodine; the retention time is much shorter than 
in tumors in longer time evaluation throughout 
2 h to 24 h, which is consistent with other stud-
ies [32, 38, 39]. In clinic cases, there is no sig-
nificant increased gastrointestinal risk obser- 
ved in thyroid cancer patients with oral 131I 
treatments, a simple routine of having patients 
drink gastric mucosal protective drugs could 
minimize potential risk of stomach [8]. 

In conclusion, our study clearly demonstrates 
that the tumor-specific expression of the NIS 
gene under the control of the survivin promoter 
allows for targeted NIS-mediated, imaging-guid-
ed radionuclide therapy for A549 lung tumors, 

Functional NIS protein expression following 
adenoviral NIS gene transfer was confirmed via 
the in vitro measurement of radioiodine uptake. 
Ad-Sur-NIS exhibited high transduction efficien-
cy and tumor selectivity, and the maximal trans-
duction efficiency was obtained at 48 h after 
virus application. The expression of NIS in A549 
cells via the Ad-Sur-NIS virus increased the 
accumulation of perchlorate-sensitive iodide by 
up to 54-fold over that of negative control 
Ad-Sur-GFP infected cells. Furthermore, no sig-
nificant iodide uptake was observed in the 
Ad-Sur-NIS-infected non-malignant DPF cells, 
which indicated that the virus selectively tar-
geted A549 lung cancer cells. The capability to 
concentrate high levels of radioiodine resulted 
in a significant therapeutic effect of 131I in A549 
lung cancer cells in vitro as confirmed by the 
clonogenic assay. 

We further investigated the in vivo application 
of Ad-Sur-NIS for the delivery of the NIS gene to 
lung cancer xenografts. Scintigraphy and bio-
distribution studies confirmed that the specific 
accumulation of the radionuclide also occurred 
in the Ad-Sur-NIS-infected A549 tumors in vivo. 
At 48 h after the intratumoral injection of 
Ad-Sur-NIS, a tumor-specific 125I accumulation 
of 16.96±2.99% ID/g was observed at 2 h post-
injection, and the effective half-life was 7.72± 
0.61 h. In our previous study, Ad-Sur-NIS-
infected PC3 xenografts accumulated 13.3± 
2.85% ID/g 125I at 2 h post-injection with an 
effective half-life of 3.1 h [8]. Notably, the A549 
tumors accumulated a greater amount of radio-
iodine and exhibited a longer effective half-life 
compared with the PC3 tumors, which indicat-
ed that the detailed iodide retention mecha-
nisms differed between these two cell types, 
and this difference in mechanisms would be 
our interest in the future. The therapeutic 
results demonstrated that the intratumoral 
injection of Ad-Sur-NIS followed by the addition-
al application of 111 MBq 131I induced a strong 
stimulation of the therapeutic effects of the 
radioactive iodide that included an extensively 
delayed tumor growth and a prolonged survival 
compared with the 111 MBq 131I and Ad-Sur-
GFP, Ad-Sur-GFP alone, and Ad-Sur-NIS alone 
treatments (P < 0.001). NIS-mediated radionu-
clide therapy may also be more effective due to 
a substantial bystander effect, which may com-
pensate for limited viral spread in the tumor 
and reduce the level of transduction efficiency 
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